Abstract
Introduction
Homeobox proteins are characterized by a 60 amino acid helix-turn-helix motif that is involved in the binding of DNA. Homeobox proteins have been characterized as transcription factors that regulate gene expression during the development and differentiation of neural systems within mammals, although they are also present in a wide range of eukaryotes and in bacteria as repressor proteins [1, 2] . Recent examinations of the forces involved in the binding of the homeodomains of Antp, NK2, Engrailed, and Matα2 to DNA have demonstrated that DNA binding is largely an electrostatic phenomena.
Unbound homeodomains were demonstrated to have chloride ions bound to the residues that will coordinate with the phosphates of DNA upon binding. During the binding process these chloride ions are displaced along with calcium ions that were bound to the DNA phosphates, and the ion interactions replaced by electrostatic coordination between homeodomain residues and the DNA phosphates [2] .
Electrostatics playing a key role in ligand binding is not limited to homeodomain containing proteins, however, and electrostatic perturbations, as demonstrated by a pKa shift of greater than 2 pK units, have been recently demonstrated among residues involved in ligand binding. Within proteinprotein complexes 80% of acidic residues have been demonstrated to have a negatively shifted pKa value that allows residues to maintain their negatively charged state within the complex [3] . Within the HCV NS3 helicase, the glutamate residue at position 493 was demonstrated to have a positive shifted perturbation which enabled the glutamate to retain a neutral charge and to coordinate with DNA. Perturbations were also demonstrated within the site of ATP binding and hydolysis [4] for the HCV helicase, a DEXH motif containing region of the protein, while another study has demonstrated that the related DEAD-box motif exhibited conserved electrostatic properties among multiple DEAD-box proteins [5] .
Moreover, recent work has suggested that protein electrostatic states are evolutionary conserved. Conserved electrostatic interaction networks have been demonstrated in TIM-barrel proteins and the electrostatic surfaces of proteins from 4 distinct protein families and 1 superfamily have been demonstrated to be evolutionary conserved as well [6, 7] . Studies of the HIV reverse transcriptase and the HCV helicase and polymerase have further demonstrated that the greatest number and magnitude of electrostatic perturbations exist in the residues that are most highly conserved [8] . Additionally, an electrostatic investigation of nucleoside monophosphate kinase proteins determined that the pKa values of highly conserved titratable groups within the protein families tended to also have highly conserved pKa values [9] . Moreover, the electrostatic potential maps of lysozyme proteins from a variety of organism sources were demonstrated to have a high degree of similarity, suggesting the evolutionary conservation of the electrostatic state of the protein [10] .
Given the importance of electrostatics to the DNA binding of homeodomain containing proteins, this study seeks to determine if any electrostatic perturbations are present among the DNA phosphate binding residues of homeobox proteins and to determine whether pKa perturbations are conserved among a diversity of homeobox proteins.
1 transcription factor against the PDB sequence database [11] to ensure that only proteins with crystal structures, a requirement for the electrostatic calculations, were identified. Trying the BLAST search with other homeodomain containing sequences yielded similar BLAST results. Sixty three protein sequences were returned and sequence alignment was performed with MAFFT [12] . Of the 63 proteins available, 15 proteins bound to DNA were chosen for electrostatic calculations and pKa determination ( Table 1 ). The few DNA bound proteins not selected were due to missing residues being present in the structures, which the H++ server lacks the capability of processing. Based on some preliminary findings, non-DNA bound homeodomains were not considered accurate electrostatic representations since chloride ion coordination has been demonstrated to be crucial to the unbound forms of the proteins. The explicit placement of these ions is not available in the structural data and the ions are thus not feasible to accurately account for their effects in the pKa calculations. The importance of negative charges to the electrostatics of homeodomains is further supported by calculations where the bound DNA ligands were removed, which resulted in a loss of perturbation among the DNA binding residues.
PDB ID

Electrostatic Calculations
pKa values were calculated using the H++ Web Server, available at http://biophysics.cs.vt.edu/H++ [13] . pKa predictions are begun by adding missing atoms and assigning partial charges to the uploaded protein structure using the parm99 force field and the AMBER molecular modeling package [14] . Positions of these added protons are optimized using 100 steps of conjugate gradient descent minimization and 500 steps of Molecular Dynamics simulation at 300K. The Poisson-Boltzmann equation in the program package MEAD is used to compute the free energies of the protonation microstates [15] . Titration curves and pKa values are then determined using the clustering approach described by Gilson [16] . Perturbations present on the Lysine and Arginine residues involved in DNA phosphate binding were computed by subtracting the standard pKa value of an unperturbed form of the residue (K=10.52, R=12.48) from the calculated value.
Plots and Statistics
Plots and statistics were computed using the program Graph Pad Prism version 4.01.
Results and Discussion
An amino acid sequence alignment for the homeodomain containing protein sequences was performed and the sequence region identified by Dragan et al. [2] as participating in coordinating with the DNA phosphates located within the alignment identified (Figure 1) , as indicated by the residues aligned with the FCNRRQKEKR in the top sequence. This region contains several positions for which the presence of basic amino acid residues (K and R) is conserved. It is these basic residues which have been demonstrated to have interaction with the DNA phosphate groups. Calculation of the pKa values of the various homeodomain proteins revealed several notable similarities (Figure 2 ). One such similarity is that in all of the homeobox proteins examined, upward shifted pKa perturbations of at least 2 pK units are presented in at least one of the lysine or arginine residues involved in coordination with the DNA phosphates. Given the high degree of residue conservation among this sequence region of homeobox proteins and the uniformity of the data computed it is hypothesized that these upwards shifted pKa perturbations are also likely conserved among all homeodomain proteins. This hypothesis is further supported by findings that indicate that pKa perturbations tend to only be present amongst residues that are highly conserved [8] . Moreover, the presence of these perturbations makes functional sense, since the upwards shift in pKa, some to pH levels that could never be reached in a physiological system, work to ensure that the lysine and arginine residues always remain in a protonated state, and hence always retain a positive charge. Given the negative charge of DNA the ability to maintain a strong positive charge would work to enhance the ability of these residues to bind DNA.
Charge distributions such as this have been demonstrated to be conserved within protein families and for the CuZnSOD family it was suggested that a conserved charge distribution present around the catalytic sites of the enzymes served as a cationic funnel that helped steer the ligand into the catalytic binding site [5] . These findings further support the idea that a conserved electrostatic perturbation may exist in homeodomain structures to facilitate the binding of DNA.
What is also notable is that in all structures analyzed a significant (>2 pK units) perturbation was consistently present in the basic residue that aligned with the second arginine of the FCNRRQKEKR base sequence.
In many cases this perturbation was the strongest perturbation present among the DNA phosphate binding residues. One explanation for this is that for the 1NK3 and 9ANT structures it has been reported that out of all of the DNA phosphate binding residues, these residues were the ones that were buried most deeply into the bound DNA [2] . Given that pKa perturbations have been demonstrated to have an association to residue packing, where a tighter packing density has a higher magnitude of perturbation [17] , the extensive burying of this residue can help to account for the magnitude of perturbation at this residue position. This suggestion is further supported by the finding that if the DNA is removed from the pKa calculations the observed perturbations diminish back into the range of values typically associated with basic residues. It is further hypothesized that the chloride ions which have been demonstrated to coordinate with the basic residues in the absence of DNA [2] help to maintain this perturbed state in the unbound structures as well, in order to facilitate the binding of DNA even further.
While there appears to be a conservation of the occurrence of an upwardly shifted pKa value for at least one basic residue in each structure it is notable that the positions and the magnitudes of each perturbation are not perfectly conserved. These differences are believed to be the result of the differences in the homeodomain sequences and along with geometrical considerations are believed to contribute to the sequence specificity associated with each type of homeodomain.
